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(57) ABSTRACT

In a system, a predictor predicts a future trajectory of a rota-
tional speed of a crankshait during drop of the crankshait’s

rotational speed 1n a forward rotational direction due to auto-
matic stop of an engine. An engaging unit shiits, in response
to when an engine restart condition 1s met during the drop of
the crankshait’s rotational speed, a pinion to a ring gear for
engaging the pinion with the ring gear. An engagement deter-
miner determines, based on the future trajectory of the crank-
shaft’s rotational speed, whether the pinion and the ring gear
will be shifted to engagement state therebetween during
reverse rotation of the output shait. A controller controls,
based on a result of the determination by the engagement
determiner, at least one of: a start timing to shiit the pinion to
the ring gear by the engaging unit, and a start timing to
energize the motor.

5 Claims, 4 Drawing Sheets
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SYSTEM FOR CRANKING INTERNAL
COMBUSTION ENGINE BY ENGAGEMENT
OF PINION WITH RING GEAR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s based on Japanese Patent Application
2010-173606 filed on Aug. 2, 2010. This application claims
the benefit of priority from the Japanese Patent Application,
so that the descriptions of which are all incorporated herein by
reference.

TECHNICAL FIELD

The present disclosure relate to systems for cranking an
internal combustion engine by engagement of a pinion of a
starter with a ring gear coupled to an output shait of the
internal combustion engine.

BACKGROUND

Engine stop-and-start systems, such as 1dle reduction con-
trol systems, have been recently developed. Such engine stop-
and-start systems are designed to automatically stop an inter-
nal combustion engine of a vehicle 1n response to detecting a
driver’s engine stop operation, such as the operation of a
brake pedal. These engine stop-and-start systems are also
designed to restart the internal combustion engine inresponse
to detecting a driver’s operation to start the vehicle, such as
the operation of an accelerator pedal. These engine stop-and-
start systems aim at reducing fuel cost, exhaust emission, and
the like.

In view of improvement of, for example, drivability, these
engine stop-and-start systems are required to restart an inter-
nal combustion engine i 1immediate response to the occur-
rence of an engine restart request. Various technical
approaches to achieve such a requirement have been pro-
posed.

Japanese Examined Patent Publication No. 4211208 dis-
closes a technical approach included 1n these various techni-
cal approaches. The technical approach disclosed in the
Patent Publication 1s designed to, when an engine restart

request occurs during the rotational speed of a crankshait of

an internal combustion engine (referred to as an engine) drop-

ping, cause a starter to crank the engine without waiting the

complete stop of rotation of the engine (crankshatt).
Specifically, the technical approach 1s designed to, when an

engine restart request occurs during the rotational speed of
the crankshatt of the engine dropping after automatic stop of 30

the engine, rotate a pinion so that the rotational speed of the
pinion 1s controlled to reach the rotational speed of a ring gear
(engine) coupled to the output shait of the engine. When the
rotational speed of the pinion 1s synchronized with that of the
ring gear, the technical approach engages the rotating pinion
with thering gear to thereby return the engine mto operational
status 1n 1immediate response to the occurrence of an engine
restart request.

SUMMARY

Because the timing of the occurrence of an engine restart
request during the engine speed dropping cannot be pre-
dicted, an engine restart request occurs within a low-speed
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the pinion cannot be synchronized with the dropping engine
speed. That 1s, the technical approach set forth above cannot
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properly carry out engagement of the pinion with the ring
gear. Thus, when an engine restart request occurs during the
engine speed dropping, an alternative approach 1s to engage
the pinion of a starter with the ring gear first, and to drive the
motor of the starter to rotate the pinion in response to the
engagement of the pinion with the ring gear. This alternative
approach 1s especially eflicient when an engine restart request
occurs within a low-speed range of the engine speed, such as
100 RPM or lower, during the engine speed dropping.

Note that, when the engine speed, which drops after auto-
matic stop of the engine, reaches substantially zero after the
piston 1n a cylinder passes the last TDC 1n the forward direc-
tion, the piston 1n the next cylinder 1n the firing order does not
pass the next TDC so that the engine 1s rotated in the reverse
direction. Thereatter, after the engine 1s alternately rotated 1n
the forward direction and the reverse direction, the engine
speed converges to zero.

Thus, 1f an engine restart request occurs with the engine
speed close to zero, or the engine speed alter automatic stop
of the engine drops abruptly, the pinion may be engaged with
the ring gear during reverse rotation of the output shaift of the
engine. When the pinion 1s engaged with the ring gear during
reverse rotation of the output shatt (ring gear) of the engine, 1
the alternative approach drives the motor to rotate the pinion
in the forward direction, the difference 1n rotational direction
between the pmion and the ring gear may cause various
disadvantages in cranking the engine.

In view of the circumstances set forth above, one aspect of
the present disclosure seeks to provide systems for cranking
an internal combustion engine, which are designed to solve at
least one of the disadvantages set forth above.

Specifically, an alternative aspect of the present disclosure
aims to provide such systems for properly cranking an inter-
nal combustion engine when an engine restart request occurs
during an engine speed dropping.

According to one aspect of the present disclosure, there 1s
provided a system for cranking an automatically stopped
internal combustion engine with an output shait to which a
ring gear 1s coupled using a starter comprising a pinion shift-
able to and engageable with the ring gear, and a motor that
rotates the pinion when energized. The system includes a
predictor that predicts at least one future value of a rotational
speed of the output shait during drop of the rotational speed of
the output shait 1n a forward rotational direction due to auto-
matic stop of the internal combustion engine. The system also
includes an engaging unit that shiits, 1n response to when an
engine restart condition 1s met during the drop of the rota-
tional speed of the output shaft due to automatic stop of the
internal combustion engine, the pinion to the ring gear for
engaging the pinion with the ring gear. The system 1ncludes
an engagement determiner that determines, based on the at
least one future value of the rotational speed of the output
shaft predicted by the predictor, whether the pinion and the
ring gear will be shifted to engagement state therebetween
during reverse rotation of the output shaft. The system
includes a controller that controls, based on a result of the
determination by the engagement determiner, at least one of:
a start timing to shift the pinion to the ring gear by the
engaging unit, and a start timing to energize the motor.

The one aspect of the present mvention 1s configured to
determine, based on the at least one future value of the rota-
tional speed of the output shaft, whether the pinion and the
ring gear will be shifted to engagement state therebetween
during reverse rotation of the output shaft. Based on aresult of
the determination, the one aspect of the present invention 1s
configured to control how to energize the motor. This con-
figuration accurately determines the rotational direction of
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the output shait when the pinion and the ring gear are shifted
to their engagement state, and energize, at proper timing,
depending on the rotational state of the output shait, the motor
to turn the pinion.

Thus, 1t 1s possible to reduce disadvantages in cranking the
internal combustion engine, such as an excessive increase 1n
power consumption of the motor and/or wear of the tooth
portion of the pinion and that of the ring gear due to collisions
between the tooth portion of the pimion and that of the ring
gear.

The above and/or other features, and/or advantages of vari-
ous aspects of the present disclosure will be further appreci-
ated 1n view of the following description in conjunction with
the accompanying drawings. Various aspects of the present
disclosure can include and/or exclude different features, and/
or advantages where applicable. In addition, various aspects
of the present disclosure can combine one or more feature of
other embodiments where applicable. The descriptions of
features, and/or advantages of particular embodiments
should not be constructed as limiting other embodiments or
the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects of the present disclosure will become appar-
ent from the following description of an embodiment with
reference to the accompanying drawings 1n which:

FIG. 1 1s a view schematically 1illustrating an example of
the overall hardware structure of an engine control system
according to the first embodiment of the present disclosure;

FIG. 2 1s a timing chart schematically 1llustrating the varia-
tion 1n an engine speed during the engine-speed dropping
alter automatic stop of an internal combustion engine accord-
ing to the first embodiment;

FIG. 3 1s a view used to describe a method of predicting
future instantaneous values of the engine according to the first
embodiment;

FI1G. 4 1s a flowchart schematically 1llustrating operations
of an ECU 1n accordance with a pinion post-rotation control
routine stored 1n a storage umt according to the first embodi-
ment; and

FI1G. 3 1s a flowchart schematically 1llustrating operations
of an ECU 1n accordance with a pinion post-rotation control
routine stored 1n a storage unit according to the second
embodiment.

DETAILED DESCRIPTION OF EMBODIMENT

Embodiments of the present disclosure will be described
hereinafter with reference to the accompanying drawings. In
the embodiments, like parts between the embodiments, to
which like reference characters are assigned, are omitted or
simplified 1n redundant description.

First Embodiment

In the first embodiment, the present disclosure includes an
engine starting system designed as a part of an engine control
system 1 1nstalled 1n a motor vehicle.

The engine control system 1 1s comprised of an electronic
control unit (ECU) 40 as a central device thereof, and 1is
operative to control the quantity of fuel to be sprayed and the
timing of 1gnition, and carry out a task of automatically stop-
ping an mternal combustion engine (referred to simply as an
engine) 20 and a task of restarting the engine 20. An example
of the overall structure of the engine control system 1 1s
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illustrated 1n FIG. 1. As the engine 20, a four-stroke, four-
cylinder engine 1s employed in this embodiment as an
example.

Referring to FI1G. 1, the engine 20 has a crankshait 21 as an
output shait thereotf, with one end to which a ring gear 22 1s
directly or indirectly coupled. The crankshaift 21 1s coupled to
the piston via a connection rod within each cylinder such that
travel of the piston 1n each cylinder up and down allows the
crankshaft 21 to be turned.

Specifically, the engine 20 works to compress air-fuel mix-
ture or air by the piston within each cylinder and burn the
compressed air-fuel mixture or the mixture of the compressed
air and fuel within each cylinder. This changes the fuel energy
to mechanical energy, such as rotative energy, to reciprocate
the piston within each cylinder, thus rotating the crankshaft
21. The rotation of the crankshatt 21 1s transierred to dniving
wheels (not shown) of the motor vehicle through a powertrain
(not shown) installed 1n the motor vehicle to thereby drive the
motor vehicle.

The engine 20 1s 1nstalled with, for example, a fuel injec-
tion system 51 and an 1gnition system 53.

The fuel injection system 31 includes actuators, such as
tuel injectors, AC and causes the actuators AC to spray fuel
either directly into each cylinder of the engine 20 or into an
intake manifold (or intake port) just ahead of each cylinder
thereof to thereby burn the air-fuel mixture 1n each cylinder of
the engine 20.

The 1gnition system 33 includes actuators, such as 1gniters,
AC and causes the actuators AC to provide an electric current
or spark to 1gnite an air-fuel mixture 1n each cylinder of the
engine 20, thus burning the air-fuel mixture.

When the engine 20 1s designed as a diesel engine, the
ignition system 53 can be eliminated.

Referring to FI1G. 1, the engine control system 1 includes a
starter 10, a chargeable battery 12, a first drive relay 24, a
second driverelay 25, afirst diode D1, and a second diode D2.

The starter 10 1s comprised of a starter motor (motor) 11, a
pinion shaft 13, a movable pinion member PM, a solenoid
actuator SL1 including a solenoid 18, and a motor switch
SL2.

The motor 11 1s made up of an output shatit coupled to the
pinion shaft 13, and an armature coupled to the output shait
and electrically connected to the motor switch SL2. The
motor switch SL2 1s comprised of a solenoid 61, a pair of
stationary contacts 63a and 635, and a movable contact 65.
The stationary contact 63a 1s electrically connected to a posi-
tive terminal of the battery 12 whose negative terminal 1s
grounded, and the stationary contact 635 is electrically con-
nected to the armature of the motor 11.

The movable pinion member PM consists of a one-way
clutch 15 and a pinion 14.

As 1llustrated 1n FIG. 1, the one-way clutch 13 1s provided
in helical spline engagement with an outer circumierence of
one end of the pinion shaft 13.

Specifically, the one-way clutch 15 1s comprised of a clutch
outer coupled to the one end of the pinion shait 13 and a clutch
inner on which the pinion 14 1s mounted; these clutch 1inner
and clutch outer are for example provided in helical spline
engagement with each other.

The structure of the one-way clutch 15 allows the pinion 14
to be shiftable 1n the axial direction of the pinion shaft 13
together with the clutch mner of the one-way clutch 15 and
rotatable therewith.

The one-way clutch 15 i1s designed to transfer rotational
motion supplied from the motor 11 to the clutch inner (pimion
14) without transierring rotational motion supplied from the
clutch mnner (pinion 14) to the clutch outer (motor 11).
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Specifically, even if the rotational speed of the crankshaft
21 of the engine 20 (ring gear 22) 1s higher than that of the
pinion 14 during the pinion 14 being meshed with the ring
gear 22, the one-way clutch 15 becomes disengaged so that
the pinion 14 and the one-way clutch 15 1s 1dle. This prevents
the rotation of the ring gear 22 (pinion 14) from being trans-
terred to the motor 11.

The motor 11 1s arranged to be opposite to the engine 20
such that the shift of the pinion 14 in the axial direction of the
plIllOIl shaft 13 toward the engine 20 allows a tooth section of
the pinion 14 to abut on a tooth section of the ring gear 22 of
the engine 20 and to be meshed therewith.

The solenoid actuator SLL1 1s comprised of, for example,
the solenoid 18, a plunger 19, a shiit lever 17, and a p1vot 16.
The solenoid 18 1s wound around the plunger 19. One end of
the solenoid 18 1s electrically connected to the positive ter-
minal of the battery 12 via the first drive relay 24, and the
other end thereof 1s grounded. The shift lever 17 has one end
and the other end 1n 1ts length direction. The one end of the
shift lever 17 1s pivotally coupled to one end of the plunger 19,
and the other end of the shift lever 17 1s coupled to the other
end of the pimion shaft 13. The shift lever 17 1s pivoted about
the pivot 16 located at its substantially center in the length
direction.

The first drive relay 24 1s comprised of, for example, a
solenoid 24q and a switch 24b. As the first drive relay 24, a
semiconductor relay can be used. One end of the solenoid 24qa
1s electrically connected to an output port P1 of the ECU 40
and to an 1gnition switch 23 through the first diode D1, and the
other end 1s grounded. The 1gnition switch 23 1s provided 1n
the motor vehicle, and 1s electrically connected to the positive
terminal of the battery 12.

When the 1ignition switch 23 1s turned on by an operation of
the driver, the battery 12 can supply electric power to the
solenoid 244 via the first diode D1 as an engine starting signal
so that the solenoid 24qa 1s energized.

The switch 2456 1s electrically connected between the posi-
tive terminal of the battery 12 and the solenoid 18, the other
end of which 1s grounded. The switch 245 1s turned on
(closed) by magnetic force generated when the solenoid 24qa
1s energized so that the solenoid 18 1s energized.

When energized, the solenoid 18 works to shift the plunger
19 thereinto 1n its length direction so as to pull it thereinto
against the force of return spring (not shown). The pull-in
shift of the plunger 19 pivots the shiit lever 17 anticlockwise
in FI1G. 1 whereby the pinion shaft 13 1s shifted to the ring gear
22 via the shift lever 17 together with the movable pinion
member PM. This allows the pinion 14 of the movable pinion
member PM to be meshed with the ring gear 22 for cranking,
the engine 21.

Otherwise, during the 1gnition switch 23 being 1n off, the
solenoid 24a 1s deenergized so that the switch 245 1s 1n off,
resulting in that the solenoid 18 1s deenergized.

When the solenoid 18 1s deenergized, the return spring
returns the plunger 19 and the shift lever 17 to their original
positions illustrated in FIG. 1 so that the pinion 14 of the
movable pinion member PM 1s pulled-out of mesh with the
ring gear 22.

The second drive relay 25 1s comprised of, for example, a
solenoid 254 and a switch 25b. As the second drive relay 25,

a semiconductor relay can be used.

One end of the solenoid 254 1s electrically connected to an
output port P2 of the ECU 40 and to the ignition switch 23
through the second diode D2, and the other end 1s grounded.
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When the 1gnition switch 23 1s turned on by an operation of
the driver, the battery 12 can supply electric power to the
solenoid 25a via the second diode D2, resulting 1n that the
solenoid 254 1s energized.

The switch 255 1s electrically connected between the posi-
tive terminal of the battery 12 and one end of the solenoid 61
whose other end 1s grounded. The switch 255 1s turned on
(closed) by magnetic force generated when the solenoid 254
1s energized so that the solenoid 61 1s energized.

When the solenoid 61 1s energized, the movable contact 65
1s abutted onto the pair of stationary contacts 63a and 635 so
that the armature of the motor 11 1s energized by the battery
12. This causes the motor 11 to rotate the output shait together
with the pinion shait 13, thus rotating the pimion 14 (movable
pinion member PM).

Otherwise, during the 1gnition switch 23 being 1n off, the
solenoid 25a 1s deenergized so that the switch 2556 1s off,
resulting in that the solenmd 61 1s deenergized. While the
1gnition switch 23 1s oif or 1s not posﬂmned at the starter-ON
position, the second drive relay 25 1s 1n off state.

When deenergized, the movable contact 65 i1s separated
from the pair of stationary contacts 63a and 635 so that the
armature ol the motor 11 1s deenergized. This causes the
motor 11 to stop the rotation of the output shait and the pinmion
shaft 13, thus stopping the rotation of the pinion 14 (movable
pinion member PM).

In addition, 1n the motor vehicle, for slowing down or
stopping the vehicle, a brake actuator (not shown) 1s 1nstalled
for each of wheels including the driving wheels.

Under control of the ECU 40 via a hydraulic circuit, 1n
response to the driver’s depression of a brake pedal BP, the
brake actuator 1s designed to hydraulically apply a braking
force to a corresponding wheel to thereby slow down or stop
the rotation of a corresponding wheel.

In addition, the engine control system 1 includes, as means
for measuring the operating conditions of the engine 20 and
the driving conditions of the motor vehicle, various types of
sensors. Specifically, the engine control system 1 includes a
crank angle sensor 31, a coolant temperature sensor 32, an
accelerator sensor 33, and a brake sensor 34.

The crank angle sensor 31 i1s operative to output, to the
ECU 40, a rectangular NE signal (crank pulse) each time the
crankshait 21 1s rotated by a preset angle, such as 30 degrees
(30 crank-angle degrees).

The coolant temperature sensor 32 1s operative to measure
the temperature of an engine coolant inside the engine 20, and
to output, to the ECU 40, a signal indicative of the measured
temperature.

The accelerator sensor 33 is operative to:

measure a driver’s operated (depressed) stroke of a driver-
operable accelerator pedal AP of the motor vehicle linked to
a throttle valve for controlling the amount of air entering the
intake manifold; and

output a signal indicative of the measured driver’s operated
stroke of the accelerator pedal AP to the ECU 40.

The brake sensor 34 1s operative to:

measure a driver’s operated (depressed) stroke of the brake
pedal BP; and

output, to the ECU 40, a signal indicative of the measured
driver’s operated stroke of the brake pedal BP.

Accessories 36 including an air conditioner for controlling
the temperature and/or humidity within the cab of the motor
vehicle and an alternator for charging the battery 12 are

installed in the motor vehicle. The accessories 36 are electri-
cally connected to the ECU 40 so that the E

ECU 40 can monitor
the operating conditions of the accessories 36.
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The ECU 40 1s designed as, for example, a normal micro-
computer circuit consisting of, for example, a CPU, a storage
medium 40q including a ROM (Read Only Memory), such as
a rewritable ROM, a RAM (Random Access Memory), and
the like, an 10 (Input and output) interface, and so on. The 5
normal microcomputer circuit 1s defined 1n this embodiment
to include at least a CPU and a main memory therefor.

The storage medium 40q stores therein beforehand various
engine control programs.

The ECU 40 1s operative to: 10

receive the signals outputted from the sensors 31 to 35; and

control, based on the operating conditions of the engine 20
deter mined by at least some of the received signals from the
sensors, various actuators AC installed 1n the engine 20 to
thereby adjust various controlled variables of the engine 20. 15

The ECU 40 1s designed to carry out various engine control
tasks.

For example, as the various engine control tasks, the ECU
40 1s programmed to:

adjust a quantity of intake air into each cylinder; 20

compute a proper fuel injection timing and a proper 1njec-
tion quantity for the fuel injector AC for each cylinder and a
proper 1gnition timing for the 1igniter AC for each cylinder;

instruct the fuel injector AC for each cylinder to spray, at a
corresponding computed proper injection timing, a corre- 25
sponding computed proper quantity of fuel into each cylin-
der; and

instruct the 1gniter AC for each cylinder to 1gnite the com-
pressed air-fuel mixture or the mixture of the compressed air
and fuel 1n each cylinder at a corresponding computed proper 30
1gnition timing.

In addition, the ECU 40 1s designed to carry out various
starter control tasks.

As described above, the ECU 40 has the output port P1 for
outputting on/off signals to the first drive relay 24, and the 35
output port P2 for outputting on/oif signals to the second drive
relay 25.

Specifically, when the on s1ignal 1s sent from the ECU 40 via
the output port P1, the solenoid 24a 1s energized so that the
switch 245 1s turned on. This automatically establishes, dur- 40
ing the on signal being mputted thereto, electric conduction
between the battery 12 and the solenoid 18 independently of
the selected state of a starter switch (not shown). Similarly,
when the on signal 1s sent from the ECU 40 via the output port
P2, the solenoid 25a 1s energized so that the switch 255 1s 45
turned on. This automatically establishes, during the on sig-
nal being inputted thereto, electric conduction between the
battery 12 and the armature of the motor 11 independently of
the selected state of the starter switch.

In other words, the ECU 40 selects the on signal to be 50
outputted to any one of the output ports P1 and P2, thus
individually switching the energized state (mode) and the
deenergized state (mode) of the solenoid 18, and individually
switching the energized state (mode) and the deenergized
state (mode) of the motor 11. 55

More specifically, when an electric signal, such as a pulse
current with a pulse width (pulse duration) corresponding to
the energization duration (on period) of the second driverelay
25, 15 sent from the ECU 40 to the second drive relay 25, the
second drive relay 25 1s turned on so that the motor 11 1s 60
energized based on the battery voltage of the battery 12.

The second drive relay 25 1s turned oif during off period of
the pulse current so that the motor 11 1s deenergized. A duty
cycle of the motor 11 is represented as a ratio of the on period
(pulse width) of the pulse current to the repetition interval 65
(sum of the on and off periods) thereof. That 1s, the ECU 40

can adjust the on period (pulse width) of the pulse current to

8

adjust the duty cycle of the motor 11 to thereby control the
rotational speed of the motor 11, that 1s, the rotational speed
of the pimion 14.

The ECU 40 1s programmed to carry out engine automatic
stop control and engine restart control 1n addition to main
engine control.

Specifically, as the engine automatic stop control, the ECU
40 repetitively determines whether at least one of predeter-
mined engine automatic stop conditions 1s met, 1n other
words, whether an engine automatic stop request (1dle reduc-
tion request) occurs based on the signals outputted from the
SENSOrs.

Upon determining that no predetermined engine automatic
stop conditions are met, the ECU 40 exits the engine auto-
matic stop control.

Otherwise, upon determining that at least one of the pre-
determined engine automatic stop conditions 1s met, that is,
an automatic stop request occurs, the ECU 40 carries out an
engine automatic stop task. Specifically, the ECU 40 controls
the fuel mjection system 51 to stop the supply of fuel (cut
tuel) into each cylinder, and/or controls the 1ignition system 53
to stop the 1gnition of the air-fuel mixture 1 each cylinder,
thus stopping the burning of the air-fuel mixture 1 each
cylinder. The stop of the burning of the air-fuel mixture 1n
cach cylinder of the engine 20 means the automatic stop of the
engine 20 (engine cut-oil). For example, the ECU 40 accord-
ing to this embodiment cuts fuel into each cylinder to thereby
automatically stop the engine 20.

The predetermined engine automatic stop conditions
include, for example, the following conditions that:

the driver’s operated stroke of the accelerator pedal AP 1s
zero (the driver completely releases the accelerator pedal AP)
so that the throttle valve 1s positioned 1n its 1dle speed posi-
tion;

the brake pedal BP is depressed by the driver; and

the rotational speed of the crankshaft 21 of the engine 20,
referred to simply as an “engine speed”, 1s equal to or lower
than a preset speed (1dle-reduction execution speed).

The automatic stop of the engine 20 causes the crankshaft
21 to coast, 1n other words, the engine speed 1n a forward
direction to drop.

After the automatic stop of the engine 20, the ECU 40
carries out the engine restart control 1n response to when
determining that at least one of predetermined engine restart
conditions 1s met, that 1s, an engine restart request occurs,
based on the signals outputted from the sensors. The prede-
termined engine restart conditions include, for example, the
tollowing conditions that:

the accelerator pedal AP 1s depressed (the throttle valve 1s
opened) by the driver; and

the driver’s operated stroke of the brake pedal BP 1s zero
(the driver completely releases the brake pedal. BP).

Specifically, when at least one of the engine restart condi-
tions 1s met during drop of the rotational speed of the engine
20 after automatic stop of the engine 20, the ECU 40 1s
programmed to drive the starter 10 to crank the engine 20
without waiting for the stop of rotation of the crankshait 21.

For example, the ECU 40 1s programmed to carry out a
“motor post-drive mode (pinion post-rotation mode)” when a
value of therotational speed of the engine 20 at the meeting of
at least one of the engine restart conditions 1s relatively low,
for example, 1s close to 100 RPM or thereabout. In the pinion
post-rotation mode, the ECU 40 drives the solenoid 18 to shiit
the pinion 14 to the ring gear 22 so that the pinion 14 1s
engaged with the ring gear 22, and thereafter, energizes the
motor 11 to rotate the pinion 14 together with the ring gear 22,
thus cranking the engine 20.
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FIG. 2 1s a timing chart used to describe operations of the
ECU 40 in the pinion post-rotation mode. FIG. 2 schemati-
cally illustrates the variation 1n the engine-speed during the
engine speed dropping after automatic stop of the engine 20.

As starter control during the engine speed dropping, the
ECU 40 basically performs pinion post-rotation control only
when the timing at which an engine restart condition 1s met
allows engagement between the pinion 14 and the ring gear
22, more specifically, abutment of the outer periphery of the
pinion 14 onto the outer periphery of the ring gear 22, before
the engine speed exceeding a preset abutment allowable
speed Nel. The abutment allowable speed Nel 1s the upper
limit of a range of the engine speed within which the outer
periphery of the pinion 14 1s allowed to abut onto the outer
periphery of the ring gear 22. In the first embodiment, the
abutment allowable speed Nel 1s set to 100 RPM or there-
about.

During the engine speed dropping, the ECU 40 predicts
tuture values of the engine speed Ne at present time, and
calculates, based on the predicted data of the future trajectory
of drop of the engine speed, the timing ta at which the engine
speed Ne reaches the abutment allowable speed Nel. Then,
the ECU 40 determines a post-rotation criterion point th ear-
lier than the timing ta by abutment required time Tp; the
abutment required time Tp 1s time required for the outer
periphery of the pinion 14 to have been in abutment with the
outer periphery of the ring gear 22 since the start of shift of the
pinion 14 to the ring gear 22. Thus, the ECU 40 performs the
pinion post-rotation control only when an engine restart con-
dition 1s met after the post-rotation criterion point tb.

Note that the fact that the outer periphery of the pinion 14
1s 1n abutment with the outer periphery of the ring gear 22
means at least one gear of the pimion 14 1s not engaged with a
tooth space of the ring gear 22 but 1s 1n abutment with a tooth
of the ring gear 22. In this case, the pinion 14 1s rotated by an
angle corresponding to an offset between the at least one gear
of the pinion 14 and a tooth space of the ring gear 22; this
tooth space 1s the closest to the at least one tooth of the pinion
14 1n the rotational direction of the pinion 14. At the comple-
tion of the rotation of the pinion 14 by the angle correspond-
ing to the offset, the shifting force of the pinion 14 to the ring
gear 22 by the solenoid 18 allows the at least one tooth of the
pinion 14 to be engaged with the tooth space of the ring gear
22 so that the pinion 14 1s completely engaged with the ring
gear 22. In the first embodiment, the abutment required time
Tp corresponds to “engagement required time™.

In the first embodiment, the ECU 40 predicts future instan-
taneous values of the engine speed Ne at present time using a
loss torque (loss energy) T of the engine 20, previous 1nstan-
taneous values of the engine speed Ne, and iertia (the
moment of 1nertia) of the engine 20 as parameters. This pre-
diction can predict the fluctuations of the engine speed due to
increase and decrease 1 volume of the cylinders.

Specifically, 1n the first embodiment, one cycle of the fluc-
tuations ol the engine speed (1nstantaneous engine speed) due
to increase and decrease 1n volume of the cylinders 1s referred
to as a speed-fluctuation cycle. Because the engine 20 accord-
ing to the first embodiment 1s a four-stroke, four-cylinder
engine so that the engine 20 has a cylinder on a power stroke
every 180 degrees of the rotation of the crankshaft 21, the
speed-tluctuation cycle corresponds to 180 crank-angle
degrees (CAD). For example, the crank angle of the crank-
shaft 21 1s 0 degrees (0 crank angle degrees) relative to the
reference position each time the piston 1n a cylinder 1s located
at 1ts top dead center (TDC).

That1s, the ECU 40 predicts, based on instantaneous values
of the engine speed during the previous speed-fluctuation
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cycle, mstantaneous values of the engine speed during speed-
fluctuation cycles after the previous speed-tluctuation cycle.
FIG. 3 1s a view used to describe a method of predicting
future 1instantaneous values of the engine speed. Note that, 1n
FIG. 3, S[1] 1s aparameter indicative of a present period of 180
crank-angle degrees (CAD) of the rotation of the crankshaft
22 from the current TDC of a cylinder to the next TDC of a
cylinder. In addition, a current crank angle of the crankshaft
21 15 30 CAD past the current TDC, that 1s, 30 ATDC.
During the engine speed dropping after automatic stop
(fuel cut-off) of the engine 20, the ECU 40 calculates an
angular velocity o of the crankshaft 21 as an instantaneous
value of the engine 20 in accordance with the following
equation (1) every time one crank pulse (an NE signal) 1s

currently mputted to the ECU 40 from the crank angle sensor
31:

30X 2n
360X 1p

(1)

wlrad/sec| =

where tp represents the pulse interval [sec] of the NE
signals.

Specifically, in the first embodiment, the ECU 40 computes
a value of the angular velocity w of the crankshait 21 every
rotation of the crankshait 21 by 30 CAD during the engine
speed dropping.

Based on a change of the angular velocity [0, ,1-1] at an
angle 0, CAD relative to the previous TDC within the pre-
cious 180 CAD period S[1-1], the ECU 40 calculates, for each
angle 0, , the loss torque T[0 -0 __,1-1]from 0, , CAD-0_
CAD within the previous 180 CAD period S[1-1] 1n accor-
dance with the following equation (2):

T[8,-6,,,1,i~1]==J-0[0,, ,i-1~0[6,,i~1])/2 2)

where ] represents 1nertia (the moment of 1nertia) of the
engine 20. The nertia J was previously calculated based on
design data of the engine 20, and has been stored in the
storage medium 40 of the ECU 40.

Note that the loss torque T (loss energy) means the change
(reduction) of the rotational kinetic energy of the crankshaft
21 from a value of the angular velocity o calculated by the
ECU 40 to the next value of the angular velocity m calculated
by the ECU 40. That 1s, the loss torque T (loss energy means
the loss of torque (energy) by the engine 20 during the engine
20 coasting after automatic stop of the engine 20. The loss

torque T (loss energy) consists of, for example, the pumping
loss torque (energy) and the friction loss torque (energy) of
the engine 20, and the hydraulic loss torque (energy) of the
transmission and an alternator and/or a compressor coupled
to the crankshatt 21 via a belt or the like.

Next, the ECU 40 calculates the current value w[30,1] of the
angular velocity o in accordance with the equation (1), and
calculates a value T[0-30, 1] of the loss torque T using the
current value ®w[30,1] and the previous value w[0,1] of the
angular velocity a) 1n accordance with the equation (2).

Thereatter, in order to calculate a predicted value of the
angular velocity w at the rising timing of the next crank-pulse,
that1s, at 60 CAD pastthe current TDC within the current 180
CAD perniod S[1], the ECU 40 extracts, in the values T[0 -
0 _,,1—1] of the loss torque T within the precious 180 CAD
period S[1-1], a value T[30-60,1—-1] of the loss torque T. Then,
the ECU 40 calculates, based on the extracted value T[30-60,

1—1] of the loss torque T and the current value w[30,1] of the
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angular velocity m, the predicted value »'[60,1] of the angular
velocity w 1n accordance with the following equation (3):

2 : 2 . 2 - (3)
/2160, 1] = @[30, 1] - ST[30 =60, i - 1]

In addition, based on the predicted value w'[60.,1] of the
angular velocity m, the ECU 20 calculates a predicted value

t[30-60,1] of arrival time at which the crankshatt 22 will arrive
at 60 CAD relative to 30 CAD 1n accordance with the follow-
ing equation [4]:

2230 ox;
~360-w/[60, ] 6-w'[60, i]

1[30 — 60, i] 4]

Next, in order to calculate a predicted value of the angular
velocity m at the rising timing of the next crank-pulse, that 1s,
at 90 CAD past the current TDC within the current 180 CAD
period S[1], the ECU 40 extracts, in the values T[0,_ -0, ,,1—1]
of the loss torque T within the precious 180 CAD period
S[1—1], a value T[60-90,1—1] of the loss torque T. Then, the
ECU 40 calculates, based on the extracted value T[60-90,1-1]
of the loss torque T and the predicted value ®'[60,1] of the
angular velocity m, the predicted value w'[90,1] of the angular
velocity o 1n accordance with the following equation (5):

2 . 22 . 2 . (5)
w “[90, i] = w“[60, i] - }T[60 —-90,i-1]

2
= w?[30, {] - }(mo —60,i—1]1+7[60-90, i—1])

In addition, based on the predicted value »'[90, 1] of the
angular velocity w, the ECU 40 calculates a predicted value

t[60-90,1] of arrival time at which the crankshatt 21 will arrive
at 90 CAD relative to 60 CAD 1n accordance with the follow-

ing equation [6]:

2730 T
~ 360-w[90,i]  6-w[90, ]

{[60 — 90, i) 0]

That 1s, at current time (CT illustrated 1n FI1G. 3), the ECU

40 repeats the calculation of the next predicted value of the
angular velocity w and the calculation of the next arrival time
of the crankshait 21 set forth above. This predicts what the
angular velocity o will be at itervals of 30 CAD of the
rotation of the crankshaft 21, and what the arrival time will be
at intervals of 30 CAD of the rotation of the crankshaft 21,
thus predicting future instantaneous values (black circles 1n
FIG. 3) of the engine speed during the engine-speed drop-
ping. That 1s, 1t 1s possible to predict a future trajectory of the
drop of the angular velocity of the crankshait 21, 1n other
words, the drop of the engine speed (see dashed lines con-
necting the black circles 1n FIG. 3). Data indicative of the
predicted trajectory of the drop of the engine speed will be
referred to as predicted data of the future trajectory of the drop
of the engine speed, and the predicted data 1s stored 1n the
storage medium 40a.

Specifically, each time a crank pulse 1s inputted to the ECU
40 from the crank angle sensor 31, the ECU 40 1s pro-
grammed to carry out the predictions of the angular velocity
m and the arrival time set forth above to thereby update the
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previous predicted data of the future trajectory of the drop of
the engine speed to currently obtained predicted data thereof
within the time 1nterval between the crank pulse and the next
crank pulse that will be mnputted to the ECU 40 from the crank
angle sensor 31. Note that the ECU 40 can easily convert the
instantaneous values of the angular velocity o of the crank-
shaft 21 (engine 20) into corresponding instantaneous values
of the engine speed, and can carry out the predictions of the
instantaneous values of the engine speed and the arrival time
in place of the instantaneous values of the angular velocity m.

Note that the ECU 40 can convert each value of the arrival
time of the crankshatt 21 into a corresponding elapsed time
since a preset base point of time. For example, as the base
point of time, the engine control system 1 according to the
first embodiment has determined, for example, any one of: a
first point of time representing the start of cutting fuel into the
engine 20 (each cylinder); a second point of time when the
engine speed drops up to a preset speed; a third point of time
representing the start of predicting the future trajectory of the
drop of the engine speed; and a fourth point of time repre-
senting the occurrence of an engine restart request.

The ECU 40 calculates the post-rotation criterion point tb
based on the future trajectory of drop of the engine speed after
automatic stop of the engine 20. Specifically, the ECU 40
extracts, from the predicted data of the future trajectory of
drop of the engine speed, a predicted value (instantaneous
value) N1 of the engine speed Ne immediately before the
abutment allowable speed Nel and a predicted value (instan-
taneous value) N2 of the engine speed Ne immediately after
the abutment allowable Nel. Then, the ECU 40 carries out,
for example, linear interpolation between the predicted val-
ues N1 and N2, and calculates, based on the linear mterpo-
lated tuture trajectory of drop of the engine speed Ne, a timing
to at which a corresponding predicted value of the engine
speed Ne 1s 1n agreement with the abutment allowable speed
Nel. Note that, 1f there are plural timings whose predicted
values of the engine speed Ne are each 1n agreement with the
abutment allowable speed Nel, the ECU 40 can determine
one of the plural timings, which 1s the earliest 1n the plural
timings, as the timing ta.

Thereatter, the ECU 40 subtracts the abutment required
time Tp from the time of the timing ta to thereby calculate the
post-rotation criterion point tb.

Note that, when the engine speed, which drops after auto-
matic stop of the engine 20, reaches substantially zero after
the piston 1n a cylinder passes the last TDC 1n the forward
direction, the piston in the next cylinder 1n the firing order
C
t

oes not pass the next TDC so that the rotational direction of
ne crankshait 21 of the engine 20 1s switched from the for-
ward direction to the reverse direction. Thereafter, after the
crankshaft 21 of the engine 20 1s alternately rotated in the
torward direction and the reverse direction, the engine speed
converges to zero.

Because the ECU 40 cannot predict when an engine restart
request occurs, 1f an engine restart request occurs with the
engine speed close to zero, the pinion 14 may be engaged with
the ring gear 22 during reverse rotation of the crankshait 21 of
the engine 20. In addition, the rate of drop of the engine speed
varies for individual automatic stops of the engine 20 so that,
for individual automatic stops of the engine 20, the timing at
which the rotational direction of the crankshait 21 1s switched
from the forward direction to the reverse direction varies
depending on the variations 1n the rate of drop of the engine
speed.

For these reasons set forth above, the pinion post-rotation
control may cause the pinion 14 and the ring gear 22 being 1n
disengagement state to be shifted to be 1n engagement state
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during reverse rotation of the crankshait 21 of the engine 20
due to the timing of the occurrence of an engine restart request
and/or the rate of drop of the engine speed. To describe 1t
strictly, the pinion post-rotation control according to the first
embodiment may cause the pinion 14 and the ring gear 22 1n
non-abutment state to be shifted to be 1n abutment state during
reverse rotation of the crankshait 21 of the engine 20 due to
the timing of the occurrence of an engine restart request
and/or the rate of drop of the engine speed.

If the motor 11 were driven during reverse rotation of the
crankshaft 21 so that torque 1n the forward direction by the
motor 11 were applied to the crankshait 21 of the engme 20,
there might be disadvantages, such as an excessive increase in
power consumption of the motor 11 and/or wear of the tooth
portion of the pinion 14 and that of the ring gear 22 due to
collisions between the tooth portion of the pinion 14 and that
of the ring gear 22.

Particularly, in the first embodiment, the one-way clutch 15
1s provided between the pinion shait 13 and the pinion 14 so
that, during reverse rotation of the ring gear 22 (the crankshaft
21), the one-way clutch 15 1s engaged to apply load 1n the
reverse rotation to the motor 11, resulting 1n an increase of
power consumption of the motor 11.

Thus, when an engine restart condition 1s met during drop
of the rotational speed of the engine 20 after automatic stop of
the engine 20 so that the pinion 14 1s started to shift to the ring,
gear 22, the ECU 40 according to the first embodiment 1s
designed to determine whether energization start timing of
the motor 11 occurs during reverse rotation of the crankshatt
21 of the engine 20, and control how to energize the motor 20
based on a result of the determination.

Note that, 1n the first embodiment, because engagement of
the pinion 14 with the ring gear 22 and start of rotation of the
motor 11 are successively carried out, the fact that the shift of
the pinion 14 and the ring gear 22 from their disengagement
state to their engagement state occurs during reverse rotation
of the crankshatt 21 1s substantially equivalent to the fact that
the energization start timing of the motor 11 occurs during
reverse rotation of the crankshaitt 21 of the engine 20.

The ECU 40 according to the first embodiment 1s designed
to deter mine whether the energization start timing of the
motor 11 occurs during reverse rotation of the crankshaft 21
of the engine 20 based on the future values of the future
trajectory of drop of the engine speed.

Specifically, referring to FIG. 2, the ECU 40 calculates,
based on the predicted data of the future trajectory of drop of
the engine speed, the timing tm at which the engine speed Ne
becomes zero first. Specifically, the ECU 40 extracts, from
the predicted data of the future trajectory of drop of the engine
speed, a predicted value (instantaneous value) N3 of the
engine speed Ne immediately before the engine speed Ne
arriving at zero and a predicted value (instantaneous value)
N4 of the engine speed Ne immediately after the engine speed
Ne falling below zero. Then, the ECU 40 carries out, for
example, linear interpolation between the predicted values
N3 and N4, and calculates, based on the linear interpolated
future trajectory of drop of the engine speed Ne, the timing tm
at which a corresponding predicted value of the engine speed
Ne 1s zero.

Next, the F

ECU 40 determines the determination reference
point tn earlier than the timing tm by the abutment required
time Tp. That 1s, when an engine restart condition 1s met
(pinion shift-start timing occurs) after the post-rotation crite-
rion point tb and before the determination reference point tn,
for example, at time point to 1llustrated 1n FI1G. 2, the ECU 40
determines that the energization start timing of the motor 11
will occur during forward rotation of the crankshait 21.
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According to the determination, after the lapse of the abut-
ment required time Tp since start of shifting the pinion 14 (the
output timing of the on signal to the first drive relay 24) at the
occurrence of the pinion shift-start timing, the ECU 40 starts
energization ol the motor 11 subsequent to abutment (engage-
ment) of the pinion 14 with the ring gear 22, thus cranking the
engine 20.

In contrast, when an engine restart condition 1s met (pinion
shift-start timing occurs) aiter the determination reference
point tn, for example, at time point tB illustrated in FI1G. 2, the
ECU 40 determines that the energization start timing of the
motor 11 will occur during reverse rotation of the crankshaft
21. According to the determination, after the lapse of preset
time longer than the abutment required time Tp since start of
shifting the pinion 14 at the occurrence of the pinion shift-
start timing, that 1s, aiter the lapse of the preset time of the sum
(Tp+a) of the abutment required time Tp and time ., the ECU
40 starts energization of the motor 11, thus cranking the
engine 20. Note that the time a 15 set to be longer than a first
reversion period during which the rotational direction of the
crankshaft 21, which 1s reversed from the forward direction to
the reverse direction first, 1s kept in the reverse direction. In
other words, the first reversion period is a period from the start
of the first reverse rotation of the crankshaitt 21 to the return to
the forward rotation of the crankshaft 21. As the time o, a
preset period can be determined. The time o can also be
determined by calculating, based on the future trajectory of
drop of the engine speed, the length of the first reversion
period, 1n other words, the time taken from the start of the first
reverse rotation of the crankshaft 21 to the return to the
forward rotation, and variably setting the time . based on the
calculated length of the first reversion period.

Specifically, upon determining that the energization start
timing of the motor 11 will occur during reverse rotation of
the crankshait 21, the ECU 40 delays the energization start
timing of the motor 11, and energizes the motor 11 at the
delayed energization start timing to thereby prevent rotation
of the pinion 14 during reverse rotation of the crankshaft 21.
This prevents excessive increase i power consumption of the
motor 11, and reduces wear of the tooth portion of the pinion
14 and that of the ring gear 22 due to collisions between the
tooth portion of the pinion 14 and that of the ring gear 22.

FIG. 4 schematically illustrates operations of the ECU 40
in accordance with a pinion post-rotation control routine R1
stored 1n the storage unit 40a according to the first embodi-
ment. The ECU 40 repeatedly runs the pinion post-rotation
control routine R1 1n a preset cycle.

When launching the pinion post-rotation control routine
R1, the ECU 40 determines whether an engine restart condi-
tion 1s met during the drop of the engine speed after automatic
stop of the engine 20 1n step S11. Upon determining that an
engine restart condition 1s not met during drop of the engine
speed after automatic stop of the engine 20 (NO 1n step S11),
the ECU 40 terminates the pinion post-rotation control rou-
tine R1.

Otherwise, upon determining that an engine restart condi-
tion 1s met during drop of the engine speed after automatic
stop of the engine 20 (YES 1n step S11), the ECU 40 proceeds
to step S12. In step S12, the ECU 40 determines whether the
starter 10 1s crankmg the engine 20. Upon deter mining that
the starter 10 1s not cranking the engine 20 (NO 1n step S12),
the ECU 40 proceeds to step S13. In step S13, the ECU 40
determines whether the timing of the engine restart condition
being met 1s after the post-rotation criterion point th. As
described above, the post-rotation criterion point tb 1s a
threshold for determining whether to carry out the pimion

post-rotation control, and calculated based on the future tra-




US 9,074,573 B2

15

jectory of drop of the engine speed after automatic stop of the
engine 20, and the abutment required time Tp.

Upon determining that the timing of the engine restart
condition being met 1s before the post-rotation criterion point
tb (NO 1n step S13), the ECU 40 terminates the pinion post-
rotation control routine R1. In this case, the ECU 40 performs
a pinion pre-rotation control routine R2 stored 1n the storage
medium 40q to thereby: energize the motor 11 to rotate the
pinion 14 1n response to the meeting of the engine restart
condition, and shift the pinion 14 to the ring gear 22 to engage
the pimion 14 with the ring gear 22 when the difference
between the rotational speed of the tooth section of the ring
gear 22 and that of the tooth section of the pinion 14 becomes
equal to or lower than a preset threshold.

Otherwise, upon determining that the timing of the engine
restart condition being met 1s after the post-rotation criterion
point tb (YES 1n step S13), the ECU 40 sends the on signal to
the first drive relay 24 to energize the solenoid 18 1n step S14.
The energized solenoid 18 pulls the plunger 19 thereinto
against the force of return spring, and the pull-in shift of the
plunger 19 pivots the shift lever 17 anticlockwise 1n FIG. 1,
thus starting shift of the pinion 14 to the ring gear 22.

After completion of the operation 1n step S14, the ECU 40
determines whether the timing of the engine restart condition
being met 1s after the determination reference point tn 1n step
S15. As described above, the determination reference point tn
1s a threshold for determining whether the piion 14 and the
ring gear 22 will be shifted from their disengagement state to
their engagement state during reverse rotation of the crank-
shaft 21, that 1s, whether the energization start timing of the
motor 11 will occur during reverse rotation of the crankshaft
21. The determination reference point tn 1s calculated based
on the future trajectory of drop of the engine speed after
automatic stop of the engine 20, and the abutment required
time Tp.

Upon determining that the timing of the engine restart
condition being met will be before the determination refer-
ence point tn (NO 1n step S15), that 1s, the pinion 14 and the
ring gear 22 will be shifted from their disengagement state to
their engagement state during forward rotation of the crank-
shaft 21, the ECU 40 proceeds to step S16. In step S16, the
ECU 40 determines, as motor wait time Tm, the abutment
required time Tp; the motor wait time Tm 1s time taken from
the output timing of the on signal to the first drive relay 24 to
the start of energization of the motor 11.

Otherwise, upon determining that the timing of the engine
restart condition being met will be after the determination
reference point tn (YES 1n step S15), that 1s, the pinion 14 and
the ring gear 22 will be shifted from their disengagement state
to their engagement state during reverse rotation of the crank-
shaft 21, the ECU 40 proceeds to step S17. In step S17, the
ECU 40 determines, as the motor wait time Tm, time longer
than the abutment required time Tp, that 1s, determines, as the
motor wait time Tm, the sum (Tp+c.) of the abutment required
time Tp and the preset time «.

Next, the ECU 40 determines whether the motor wait time
Tm has elapsed since the output timing of the on signal to the
first drive relay 24 in step S18. As long as the motor wait time
Tm has elapsed since the output timing of the on signal to the
first drive relay 24 (YES 1n step S18), the ECU 40 proceeds to
step S19, and outputs the on signal to the second drive relay
25 to thereby energize the motor 11 1n step S19. The energi-
zation of the motor 11 turns the pimion 14 with the pinion 14
and the ring gear 22 being engaged with each other, thus
cranking the engine 20.

Next, the ECU 40 determines whether the engine speed Ne
1s equal to or higher than a preset engine-starting speed Net,
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such as a value within a range from 400 to 500 RPM 1n step
S20; the engine-starting speed Nef 1s set beforehand to be
higher than the upper limit of a cranking rotational-speed
range previously determined for the rotational speed of the
motor 11. That 1s, while the rotational speed of the motor 11
1s within the cranking rotational-speed range, 1t 1s possible to
transier torque from the pinion 14 to the ring gear 22 at
cranking of the engine 20.

As long as the engine speed Ne 1s equal to or higher than the
preset engine-starting speed Nel (YES 1n step S20), the ECU
40 proceeds to step S21, and outputs, to each of the first and
second drive relays 24 and 25, the off signal, thus turning off
the first and second drive relays 24 and 25 1n step S21. The
turnoil the first and second drive relays 24 and 23 disengages
the pinion 14 with the ring gear 22 by the return spring, and
stops the motor 11 in rotation. This terminates cranking the
engine 20.

As described above, the engine control system 1 according
to the first embodiment 1s configured to, when starting shift of
the pinion 14 to the ring gear 22 1n response to the meeting of
an engine restart condition during drop of the engine speed
alter automatic stop of the engine 20, determine, based on the
future trajectory of drop of the engine speed, whether the
pinion 14 and the ring gear 22 will be shifted from their
disengagement state to their engagement state during reverse
rotation of the crankshatt 21, that 1s, whether the energization
start timing of the motor 11 will occur during reverse rotation
of the crankshaft 21. Based on a result of the determination,
the ECU 40 1s configured to control how to energize the motor
11. This configuration accurately determines the rotational
direction of the crankshait 21 when the pimion 14 and the ring
gear 22 are shifted from their disengagement state to their
engagement state, and energize, at proper timing depending
on the rotational state of the crankshait 21, the motor 11 to
turn the pimion 14.

Thus, 1t 1s possible to reduce disadvantages 1n cranking the
engine 20, such as an excessive ncrease 1 power consump-
tion of the motor 11 and/or wear of the tooth portion of the
pinion 14 and that of the ring gear 22 due to collisions
between the tooth portion of the pinion 14 and that of the ring
gear 22.

The engine control system 1 according to the first embodi-
ment 1s configured to, when 1t 1s determined that the pinion 14
and the ring gear 22 will be shifted from their disengagement
state to their engagement state during reverse rotation of the
motor 11, wait for the lapse of the first reversion period during
drop of the engine speed, and thereafter energize the motor
11. This configuration prevents drive of the motor 11 during
the first reversion period in which the rate of reverse rotation
of the crankshait 21 1s the largest in all of the reversion
periods, thus restarting the engine 20 as early as possible
while reducing these disadvantages, such as an excessive
increase i power consumption of the motor 11.

The engine control system 1 according to the first embodi-
ment 1s configured to:

successively carry out engagement of the pinion 14 with
the ring gear 22 and rotation of the pinion 14 if it 1s deter
mined that the pimion 14 and the ring gear 22 will be shifted
from 1ts disengagement state to 1ts engagement state during
forward rotation of the crankshatft 21; and

non-successively carry out engagement of the pinion 14
with the ring gear 22 and rotation of the pinion 14 if it 1s
determined that the pinion 14 and the ring gear 22 will be
shifted from 1ts disengagement state to 1ts engagement state
during reverse rotation of the crankshaift 21.
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This configuration maintains a proper balance between
carly restart of the engine 20 and reduction in power con-
sumption of the motor 11.

Second Embodiment

An engine control system according to the second embodi-
ment of the present mnvention will be described hereimnafter
with reference to FIG. 5.

The structure and/or functions of the engine control system
according to the second embodiment are different from the
engine control system 1 by the following points. So, the
different points will be mainly described hereinatter.

The engine control system 1 according to the first embodi-
ment 1s configured to non-successively carry out engagement
of the pinion 14 with the ring gear 22 and rotation of the
pinion 14 11 1t 1s determined that the pinion 14 and the ring
gear 22 will be shifted from 1ts disengagement state to 1ts
engagement state during reverse rotation of the crankshaitt 21,
thus preventing drive of the motor 11 during reverse rotation
of the crankshaift 21.

In contrast, the engine control system according to the
second embodiment 1s configured to, even 11 it 1s determined
that the pinion 14 and the ring gear 22 will be shifted from its
disengagement state to its engagement state during reverse
rotation of the crankshaft 21, successively carry out engage-
ment of the pinion 14 with the ring gear 22 and rotation of the
pinion 14 11 1t 1s determined that the pinion 14 and the ring
gear 22 will be shifted from 1ts disengagement state to 1its
engagement state while preventing the rotation of the motor
11 during reverse rotation of the crankshait 21.

FIG. 5 schematically 1llustrates operations of the ECU 40
in accordance with a pinion post-rotation control routine R1A
stored in the storage unit 40a according to the second embodi-
ment. The ECU 40 repeatedly runs the pinion post-rotation
control routine R1A 1n a preset cycle. In the pinion post-
rotation control routines R1 and R1A, like operations
between the routines R1 and R1A, to which like step numbers
are assigned, are omitted or simplified 1n redundant descrip-
tion.

When launching the pinion post-rotation control routine
R1A, the ECU 40 performs the operations 1n step S31 to S33
equivalent to those 1n step S11 to S13. Upon determining that
the timing of the engine restart condition being met 1s after the
post-rotation criterion point tb (YES in step S13), the ECU 40
proceeds to step S34, and determines whether the timing of
the engine restart condition being met 1s after the determina-
tion reference point tn 1n step S34, which 1s equivalent to the
determination 1n step S15.

Upon determining that the timing of the engine restart
condition being met will be before the determination refer-
ence point tn (NO 1n step S34), that 1s, the pinion 14 and the
ring gear 22 will be shifted from their disengagement state to
their engagement state during forward rotation of the crank-
shaft 21, the ECU 40 proceeds to step S35. In step S35, the
ECU 40 sets, to zero, shift delay time Tn that 1s time taken
from the timing of the engine restart condition being met to
the start of shifting of the pinion 14.

Otherwise, upon determining that the timing of the engine
restart condition being met will be after the determination
reference point tn (YES 1n step S34), that 1s, the pinion 14 and
the ring gear 22 will be shifted from their disengagement state
to their engagement state during reverse rotation of the crank-
shaft 21, the ECU 40 proceeds to step S36.

In step S36, the ECU 40 calculates the rate ANE of reverse
rotation of the crankshaft 21, and determines whether the rate
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higher than a preset threshold ATH1 of, for example, 200
RPM. Note that the rate ANE of reverse rotation of the crank-
shaft 21 1s a peak value (absolute value) of the engine speed
that 1s within the first reversion period during drop of the
engine speed. For example, in step S36, the ECU 40 can
calculate the rate ANE of reverse rotation of the crankshait 21
based on the future trajectory of drop of the engine speed, the
rate of drop of the engine speed, and/or rotational energy of
the engine 20.

Upon determining that the rate ANE of reverse rotation of
the crankshaft 21 1s lower than the preset threshold ATH1

(NO 1n step S36), the ECU 40 proceeds to step S35, and sets

the shift delay time Tn to zero 1n step S35.

Otherwise, upon determining that the rate ANE of reverse
rotation of the crankshaft 21 1s equal to or higher than the
preset threshold ATH1 (YES 1n step S36), the ECU 40 pro-
ceeds to step S37, and sets the shift delay time Tn to preset
positive time p 1n step S37. In the second embodiment, the
time [ 1s determined to be shorter, by the abutment required
time Tp, than the length of the first reversion period, 1n other
words, the time taken from the start of the first reverse rotation
ol the crankshatt 21 to the return to the forward rotation. As
the time {3, a preset period can be determined. The time 3 can
also be determined by calculating, based on the future trajec-
tory ol drop of the engine speed, the length of the first rever-
sion period, 1n other words, the time taken from the start of the
first reverse rotation of the crankshaft 21 to the return to the
forward rotation, and variably setting the time [ based on the
calculated length of the first reversion period.

Why to variably set the time 3 based on the calculated
length of the first reversion period 1s the following reasons.

Specifically, 1 all of the reversion periods, if there 1s at
least one reversion period 1n which the engine speed becomes
equal to or lower than —200 RPM, the difference 1n rotational-
speed between the pinion 14 and the ring gear 22 1s large with
the engine speed being within the at least one reversion
period. Thus, engagement of the pinion 14 with the ring gear
22 with the engine speed being within the at least one rever-
s1on period may increase noise due to the engagement. How-
ever, 1n all of the reversion periods, 11 there 1s at least one
reversion period in which the engine speed 1s close to zero, the
difference 1n rotational-speed between the pinion 14 and the
ring gear 22 1s small with the engine speed being within the at
least one reversion period. Thus, engagement of the pimion 14
with the ring gear 22 with the engine speed being within the
at least one reversion period can maintain at a low level noise
due to the engagement, and therefore, can reduce the disad-
vantages due to the engagement of the pinion 14 with the ring
gear 22.

Thus, the ECU 40 according to the second embodiment 1s
programmed to determine, even 11 the pinion 14 and the ring
gear 22 are shifted from their disengagement state to their
engagement state during reverse rotation of the crankshait 21,
the timing of meeting an engine restart condition as the pinion
shift-start timing as long as the rate of reverse rotation of the
crankshait 21 1s lower than the preset threshold ATHI. This
makes 1t possible to restart the engine 20 1n higher response to
the timing of the engine restart request meeting.

In contrast, 11 the pinion 14 and the ring gear 22 are shifted
from their disengagement state to their engagement state
during reverse rotation of the crankshatt 21 with the rate ANE
of reverse rotation of the crankshait 21 being equal to or
higher than the preset threshold ATH1, the ECU 40 1s pro-
grammed to delay the pinion shift-start timing relative to the
timing of the engine restart condition being met, thus shifting
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engagement timing of the pinion 14 with the ring gear 22 after
the lapse of the first reversion period during drop of the engine
speed.

After completion of each of the operations 1n steps S35 and
S37, the ECU 40 proceeds to step S38, and determines
whether the shift delay time Tn has elapsed since the timing of
the engine restart request being met in step S38. As long as the
shift delay time Tn has elapsed since the timing of the engine
restart request being met (YES 1n step S38), the ECU 40
proceeds to step S39, and sends the on signal to the first drive
relay 24 to energize the solenoid 18 in step S39. The ener-
gized solenoid 18 pulls the plunger 19 thereinto against the
force of return spring, and the pull-in shift of the plunger 19
pivots the shiit lever 17 anticlockwise 1n FIG. 1, thus starting,
shift of the pinion 14 to the nng gear 22.

Next, the ECU 40 determines whether the abutment
required time Tp has elapsed since the output timing of the on
signal to the first drive relay 24 1n step S40. As long as the
abutment required time Tp has elapsed since the output tim-
ing of the on signal to the first drive relay 24 (YES 1n step
S540), the ECU 40 proceeds to step S41, and outputs the on
signal to the second drive relay 235 to thereby energize the
motor 11 1n step S41. The energization of the motor 11 turns
the pinion 14 with the pinion 14 and the ring gear 22 being
engaged with each other, thus cranking the engine 20.

Thereafter, the ECU 40 performs the operations 1n steps
S42 and S43, which are equivalent to those in steps S20 and
S21, and thereatter, terminates the pinion post-rotation con-
trol routine R1A.

As described above, the engine control system according to
the second embodiment, which 1s previously designed to start
rotation of the motor 11 after the lapse of the abutment
required time Tp since the start of shifting the pinion 14, 1s
configured to, when determining that the pinion 14 and the
ring gear 22 will be shifted from their disengagement state to
their engagement state during reverse rotation of the crank-
shaft 21, control the timing of shifting the pinion 14 to the ring
gear 22 such that the start timing of rotation of the motor 11 1s
properly adjusted. That 1s, the configuration turns the pinion
14 at proper timing depending on the rotational state of the
crankshait 21. Thus, 1t 1s possible to reduce disadvantages 1n
cranking the engine 20, such as an excessive increase 1n
power consumption of the motor 11 and/or wear of the tooth
portion of the pinion 14 and that of the ring gear 22 due to
collisions between the tooth portion of the pinion 14 and that
of the ring gear 22.

Note that, 1n each of the first and second embodiments, “the
pinion 14 and the ring gear 22 in engagement state therebe-
tween 1ncludes, 1n addition to an 1nitial state in which at least
a part of the tooth portion of the pinion 14 1s 1n abutment with
at least a part of the tooth portion of the nng gear 22, an
intermediate state 1n which at least a part of the tooth portion
of the pinion 14 1s engaged with at least a part of the tooth
portion of the ring gear 22, and 1includes a final state 1n which
the tooth portion of the pinion 14 1s completely engaged with
the tooth section of the ring gear 22.

The present disclosure 1s not limited to the descriptions of
the first and second embodiments, and i1t can be modified as
follows.

The engine control system according to each of the first and
second embodiments can be configured to:

determine, during drop of the engine speed after automatic
stop ol the engine 20, whether the current TDC corresponds to
the last TDC during forward rotation of the crankshait 21 in
step S14a 1llustrated 1n FIG. 4; and

if 1t 1s determined that the current TDC corresponds to the
last TDC during forward rotation of the crankshatt 21, deter-
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mine, based on the determination reference point tn, whether
the pinion 14 and the ring gear 22 will be shifted from their
disengagement state to their engagement state during reverse
rotation of the crankshaft 21 1n step S15.

Specifically, after the piston 1n a cylinder passes the last
TDC 1n the forward direction, the piston 1n the next cylinder
in the firing order does not pass the next TDC, the crankshatt
21 1s rotated 1n the reverse direction.

Thus, the modification can determine whether the pinion
14 and the ring gear 22 will be shifted from their disengage-
ment state to their engagement state during reverse rotation of
the crankshaft 21 under circumstances where the crankshaft
21 1s likely reversed from forward rotation to reverse rotation.

In this modification, the ECU 40 determines whether the
current TDC corresponds to the last TDC during forward
rotation of the crankshait 21 based on the future trajectory of
drop of the engine speed. Specifically, when determining that
a value of the engine speed (angular velocity o) at the timing
of the next TDC 1s a negative value, the ECU 40 can deter-

mines that the current timing corresponding to the current
TDC 1s the last TDC during forward rotation of the crankshatt

21.

In the first embodiment, when determining that the pinion
14 and the ring gear 22 will be shifted from their disengage-
ment state to their engagement state during reverse rotation of
the crankshaft 21 (YES 1n step S15), the ECU 40 can start
energization of the motor 11 within the first revision period as
long as the engine speed has exceeded the negative peak value
in step S17a. This modification can prevent drive of the motor
11 during an increase 1n rotational energy of the engine 20,
and therefore can start cranking the engine 20 as early as
possible while preventing an excessive increase 1 power
consumption of the motor 11.

In the first embodiment, as well as the second embodiment,
the ECU 40 can calculate the rate ANE of reverse rotation of
the crankshaft 21 (see step S36), and determine, based on the
rate ANE of reverse rotation of the crankshait 21, the energi-
zation start timing of the motor 11 at which the pinion 14 and
the ring gear 22 will be shifted from their disengagement state
to their engagement state during reverse rotation of the crank-
shaft 21 (step S16 or step S17).

In this modification, 11 the rate ANE of reverse rotation of
the crankshait 21 1s equal to or lower than a preset threshold,
for example, the threshold TH1 (YES 1n step S36), the ECU
40 can determine, as the energization start timing of the motor
20, timing after the lapse of the abutment required time Tp
since the turning on of the first drive relay 24 as long as the
rate ANE of reverse rotation of the crankshaift 21 1s equal to or
lower than the preset threshold (see step S16) even 1f 1t 1s
determined that the pinion 14 and the ring gear 22 will be
shifted from their disengagement state to their engagement
state during reverse rotation of the crankshait 21 (YES in step
S15). This 1s because even 1f 1t 1s determined that the pinion 14
and the ring gear 22 will be shifted from their disengagement
state to their engagement state during reverse rotation of the
crankshait 21, there can be a low 1mpact of an excessive
increase 1 power consumption of the motor 11 as long as the
rate ANE of reverse rotation of the crankshatt 21 1s equal to or
lower than the preset threshold. Thus, this modification can
maintain a proper balance between early restart of the engine
20 and reduction in power consumption of the motor 11.

In each of the first and second embodiments, the ECU 40
can determine, based on the rate ANE of reverse rotation of
the crankshait 21 (see step S36), the motor wait time Tm
taken from the output timing of the on signal to the first drive
relay 24 to the start of energization of the motor 11 (see step
S17 or S16), or the shift delay time Tn taken from the timing
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ol the engine restart condition being met to the start of shifting
of the pimion 14 (see step S35 or step S37). For example, the
ECU 40 can increase either the motor wait time Tm or the
shift delay time Tn with increase in the rate ANE of reverse
rotation of the crankshaft 21.

In the second embodiment, upon determining that the pin-
ion 14 and the ring gear 22 will be shifted from their disen-
gagement state to their engagement state during reverse rota-
tion of the crankshait 21 (YES 1n step S34), the ECU 40 can
delay the pinion shift-start timing relative to the timing of the
engine restart condition being met (see step S37) indepen-
dently of whether the rate ANE of reverse rotation of the
crankshait 21 being equal to or higher than the preset thresh-
old ATHI1. This modification prevents engagement of the
pinion 14 with the ring gear 22 during reverse rotation of the
crankshait 21, thus preventing engagement of the pinion 14
with the ring gear 22 with the rate NE of reverse rotation of the
crankshaft 21 being high.

In each of the first and second embodiments, upon deter-
mimng that the pinion 14 and the ring gear 22 will be shifted
from their disengagement state to their engagement state
during reverse rotation of the crankshait 21 (YES in step S14
or S34), the ECU 40 can wait for complete stop of rotation of
the crankshatt 21, and thereafter shift the pinion 14 to the ring,

gear 22 to engage the pinion 14 with the ring gear 22 (step

S13a illustrated in FIG. 4). After engagement of the pinion 14
with the ring gear 22, the

ECU 40 can drive the motor 11 to
rotate the pinion 14 with the pinion 14 being engaged with the
ring gear 22 (step S13a 1llustrated 1n FI1G. 4). This modifica-
tion prevents drive of the motor 11 during not only the first
reversion period during drop of the engine speed but also the
following reverse period(s).

The ECU 40 according to each of the first and second
embodiments can carry out another method of predicting the
tuture trajectory of drop of the engine speed. For example, the
ECU 40 can predict the future trajectory of drop of the engine
speed based on measured values of the engine speed. For
example, the ECU 40 can calculate a set of continuous values
of the angular velocity m as imnstantaneous values thereof, and
predict a monotonic decreasing trajectory without fluctua-
tions using the set of continuous values of the angular velocity
m, thus predicting the future trajectory of drop of the engine
speed. For example, {itting a function passing through the set
of continuous values of the angular velocity w can predict the
tuture trajectory of drop of the engine speed.

The ECU 40 can calculate each of the post-rotation crite-
rion point th and the determination reference point to 1n light
of: the abutment required time Tp, and time vy taken from
abutment of the pinion 14 with the ring gear 22 to completion
of engagement of the pinion 14 with the ring gear 22. In this
modification, the sum of the abutment required time Tp and
the time v corresponds to the engagement required time.
Thus, 1n each of the routines R1 and R1A, the abutment
required time Tp can be replaced with the engagement
required time. In this modification, the pinion 14 and the ring,
gear 22 1n their engagement state 1s that the tooth portion of
the pinion 14 1s engaged with that of the ring gear 22.

In each of the first and second embodiments, the present
invention 1s applied to the corresponding engine control sys-
tem 1 equipped with the starter 10 including the first and
second drive relays 24 and 235 and designed to individually
drive the pinion actuator 18 and the motor 11, but the present
invention 1s not limited to the application.

Specifically, the present mvention can be applied to an
engine control system equipped with a starter designed to
independently carry out disengagement of the pimion 14 with

the ring gear 22, and stop of rotation of the motor 11. For
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example, a normal starter with a motor-control relay for con-
trol of energization and deenergization of a motor can be
applied as a starter of the present invention. That 1s, 1n this
modification, in place of the motor switch SL2 of the starter
10 illustrated 1n FIG. 1, a contact 1s provided at the other end
of the plunger 19 opposite to the one end coupled to the lever
17; this contact 1s used for energizing the motor 11. In addi-
tion, 1n this modification, the motor-control relay can be
provided between the motor 11 and the battery 12; this relay
can be switched ofl and on according to control signals sup-
plied from the ECU 40. The configuration of the modification
can individually control the first drive relay and the motor-
control relay, thus independently control engagement of the
pinion 14 with the ring gear 22 and rotation of the motor 11.

The present mvention can be applied to motor vehicles
cach with a diesel engine.

While 1illustrative embodiments of the present disclosure
have been described herein, the present disclosure i1s not
limited to the embodiments described herein, but includes
any and all embodiments having modifications, omissions,
combinations (e.g., of aspects across various embodiments),
adaptations and/or alternations as would be appreciated by
those 1n the art based on the present disclosure. The limita-
tions 1n the claims are to be interpreted broadly based on the
language employed in the claims and not limited to examples
described 1n the present specification or during the prosecu-
tion of the application, which examples are to be constructed
as non-exclusive.

What 1s claimed 1s:

1. A system for cranking an automatically stopped internal
combustion engine with an output shaft to which a ring gear
1s coupled using a starter comprising a pinion shiftable to and
engageable with the ring gear, and a motor that rotates the
pinion when energized, the system comprising;:

an engaging unit that shiits, in response to when an engine

restart condition 1s met during a drop of a rotational

speed of the output shait due to an automatic stop of the
internal combustion engine, the pinion to the ring gear
for engaging the pinion with the ring gear;

an electronic control unit operably coupled with the engag-

ing unit and the motor, the electronic control unit being,

configured to:

(1) predict at least one future value of the rotational speed
of the output shait during the drop of the rotational
speed of the output shaft 1n a forward rotational direc-
tion due to the automatic stop of the internal combus-
tion engine;

(1) determine, based on the predicted at least one future
value of the rotational speed of the output shaft,
whether the pimion and the ring gear will be shifted to
an engagement state therebetween during reverse
rotation of the output shait; and

(111) control, based on a result of the determination of
whether the pinion and the ring gear will be shifted to
an engagement state therebetween during reverse
rotation of the output shaft, at least one of: (a) a start
timing to shiit the pimion to the ring gear by the engag-
ing unit, and (b) a start timing to energize the motor.

2. The system according to claim 1, wherein, after the
rotational speed of the output shatt reaches substantially zero,
the output shait of the internal combustion engine 1s rotated
first 1n a reverse rotational direction during a first reversion
period, and thereaiter, 1s alternately rotated in the forward
rotational direction and the reverse rotational direction, and
the electronic control unit 1s configured to, when 1t 1s deter-
mined that the pinion and the ring gear will be shifted to the
engagement state therebetween during reverse rotation of the
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output shaft, start energization of the motor as long as the
rotational speed of the output shaft has exceeded a negative
peak during the first reversion period.
3. The system according to claim 1, wherein the electronic
control unit 1s further configured to:
calculate, based on the predicted at least one future value of
the rotational speed of the output shaft, a timing at which
the rotational speed of the output shatt 1s at least one of

zero and a value close to zero,

calculate, based on the calculated timing and engagement
required time, a determination criterion point, and

determine, based on a result of comparison between the
determination criterion point and a timing of the engine
restart condition being met, whether the pinion and the
ring gear will be shifted to the engagement state ther-
cbetween during reverse rotation of the output shaftt, the
engagement required time being taken from the start
timing to shift the pinion to the ring gear and to shiit of
the pinion and the ring gear to the engagement state
therebetween.

4. The system according to claim 1, wherein, after the
rotational speed of the output shatt reaches substantially zero,
the output shaft of the internal combustion engine 1s rotated
first 1n a reverse rotational direction during a first reversion
period, and thereaiter, 1s alternately rotated in the forward
rotational direction and the reverse rotational direction, and
the electronic control unit 1s configured to:

when 1t 1s determined that the pinion and the ring gear will

be shifted to the engagement state therebetween during
forward rotation of the output shafit, start energization of
the motor after a lapse of engagement required time
since the start timing to shift the pinion to the ring gear,
the engagement required time being taken from the start
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timing to shift the pinion to the ring gear and to shift of
the pinion and the ring gear to the engagement state
therebetween; and

when 1t 1s determined that the pinion and the ring gear will

be shifted to the engagement state therebetween during
reverse rotation of the output shait, after the lapse of the
engagement required time since the start timing to shaft
the pinion to the ring gear, start energization o the motor
as long as the rotational speed of the output shait has
exceeded a negative peak during the first reversion
period.

5. The system according to claim 1, wherein, after the
rotational speed of the output shait reaches substantially zero,
the output shaft of the internal combustion engine 1s rotated
first 1n a reverse rotational direction during a first reversion
period, and thereafter, 1s alternately rotated in the forward
rotational direction and the reverse rotational direction, and
the electronic control unit 1s configured to:

start energization of the motor after a lapse of engagement

required time since the start timing to shift the pinion to
the ring gear, the engagement required time being taken
from the start timing to shiit the pinion to the nng gear
and to shift of the pinion and the ring gear to the engage-
ment state therebetween; and

when 1t 1s determined that the pinion and the ring gear will

be shifted to the engagement state therebetween during
reverse rotation of the output shaft, start, via the engag-
ing unit, to shiit the pinion to the ring gear at a timing that
allows the rotational speed of the output shaft by the
motor energized based on the shift of the pinion to the
ring gear to have exceeded a negative peak during the
first reversion period.
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